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Introduction

Multi-Criteria Decision Making, referred to as MCDM in the rest of the paper, is a method of selecting the right choice when there are multiple criteria’s that do not necessarily have commensurable units of measurement (Yeh and Chang, 2009). This is important as criteria considered by each company can be different, and they might value each criteria differently to their rivals and competitors. 
MCDM is used in many aspects of decision making. In construction, it can be used to select the best method for greener and better energy efficient methods (Kabak et al., 2014), which can also be applied for warehouse construction, which is important, as warehouses have a high energy usage, 65% of which goes into lighting (Richards, 2018). It can also be used for warehouse location selection (Al Amin et al., 2019; Özcan et al., 2011; Vidal Vieira et al., 2017), a decision that in the long run can cost thousands; MCDM has used in Third Person Logistics Provider selection (Pamucar et al., 2019; Senthil et al., 2014); and also in reverse logistics method and provider selection (Barker and Zabinsky, 2011; Rezae, 2015; Senthil et al., 2014). 
This paper will consider all of these uses and explains how MCDM works when a selection from criteria. While this paper focuses on a logistics perspective, it will occasionally touch on ideas outside of logistics. Later on in the paper, MCDM will be shown in a practical application through the use of a hypothetical case study. 
The keywords to remember and their definitions are:

Multi-Criteria Decision Making – The process of comparing different options one has using multiple criteria as factors when the decision is made using a set of weighted numbers towards the preference of the decision-maker (DM) to make an informed decision (Ho et al., 2012, 2010; Yeh and Chang, 2009). 

MCDM in Logistics

There are many cases where multiple options are presented to a logistics company, where multiple criteria are needed to be considered, and in these cases, MCDM is the most effective method (Ho et al., 2010). 
Yeh and Chang (2009) talks in length about MCDM and its effectiveness. In their paper, Yeh and Chang (2009) say that MCDM is the best method for selecting the right option in both the public and private sectors. The method they claim is the best involves the following criteria: it must have a finite number of alternatives; multiple criteria to evaluate criteria; non-commensurable measurements for the performance of each criteria; and no more than seven criteria. 
While they do not make these claims within the context of logistics, this can be applied in logistics decisions. That is done by Ho et al. (2010) when looking at MCDM to select the best 3PLP, as they believe that MCDM considers both qualitative and quantitative factors when making decisions. Their paper is a literature review looking at papers that proposed MCDM for selecting 3PLP, and they claim that this method is the best method for the purpose, finding that many papers have used MCDM for 3PLP selection. 
Other research that goes into Third Person Logistics Provider, referred to as 3PLP in the rest of the paper, is Pamucar et al. (2019), and they claim that outsourcing to 3PLPs is one of the most critical decisions, especially for larger, global firms, as it significantly impacts their profits. They propose a modified MCDM approach to selection based on interval rough numbers, which they propose is more accurate than made up numbers by decision-maker, referred to as DM in the rest of the paper. 
Senthil et al. (2014) also propose MCDM methods when selecting 3PLP providers for reverse logistics. They highlight how logistics is increasingly focused on returning items and how the disposal and remanufacturing of goods is becoming important, so selecting the right provider to deal with it is essential. In their paper, they argue that this selection is made more comfortable and more accurate when done through MCDM. 

[image: C:\Users\Bence\OneDrive\Pictures\Screenshots\Screenshot (14).png] Another use of MCDM has been considered within the logistics industry is for the selection of reverse logistics methods (Rezae, 2015). Rezae (2015) in their literature review identified a growing trend in MCDM being used within the context of reverse logistics, increasing from one paper a year from 1990 till 1999, to a sharp increase from 2000 onwards to a total of twelve by 2014, as can be seen on Figure 1.1. 
Figure 1.1 Increase in MCDM related articles in context of reverse logistics (Rezae, 2015)

MCDM has also been studied, in the context of reverse logistics, when methods for doing reverse logistics were involved (Barker and Zabinsky, 2011). In their paper, Barker and Zabinsky (2011) consider how and what criteria can be used for the selection of a suitable reverse logistics method. The criteria they selected was Costs – with the subcriteria of recycled products, test costs, scrap shipped, and original facility – and Business Relations – with the subcriteria of proprietary knowledge and customer interactions.  
[bookmark: _GoBack]In the end, their method is effective, though difficult to use and hard to understand. However, the idea of MCDM in reverse logistics method selection is a good one that should be kept in mind by logistics providers. 
Probably the most financially important use of MCDM in logistics is in regards to warehouse selection (Al Amin et al., 2019; Özcan et al., 2011; Richards, 2018; Vidal Vieira et al., 2017). All of these papers agree that warehouse location selection, and operation, are essential for an effective supply chain, and that warehousing is a large financial investment (Özcan et al., 2011; Richards, 2018). 
Özcan et al. (2011) discuses the different methods of weighting, and criteria, used in MCDM that are relevant to the warehouse location selection. They highlight that a warehouse is a large financial investment, and investing in one will have long term implication of company finances and function. In the end, they found that calculated methods for weighting are often tricky and are rarely done and that the most commonly used criteria are: unit price; stock holding capacity; avg. distance too shops; avg. distance to suppliers; and movement flexibility. 
Al Amin et al. (2019) builds on this, setting their criteria as unit price stock holding capacity; avg. distance to the factory; flexibility; layout. They carry out MCDM with two different calculation systems, AHP and TOPSIS, two calculation methods that many of the other papers also discuss. In their findings, they seem happy with their results, recommending MCDM for warehouse selection. 
 
Theoretical Scenario 

This paper will present a theoretical setting in which a taxi company uses MCDM to buy new vehicles for the company. In this theoretical setting, the company has an initial budget of £100,000 to acquire vehicles from a selection brought forwards to them from recently released vehicles. The target of the company if such:

1. Get at least two new cars, preferably more than 10. 
2. Have at least four seats, driver included.
3. Become Carbon Neutral by 20XX
4. Be comfortable for the riders.
5. Be prestigious.

           With these targets in mind, the cars as selected were seven that came out within recent years, and these were the statistics with each of them involved. This table shows all cars that were potential options before minimum requirements were applied to them.

	Criteria\Car options
	Option 1
	Option 2
	Option 3
	Option 4
	Option 5
	Option 6
	Option 7

	Price
	7508.3
	12065.2
	10612.3
	9746.9
	8368.4
	40527.6
	82356.0

	Comfort Value
	19.8
	48.0
	28.4
	9.9
	14.8
	46.7
	52.9

	Miles per gallon
	27.2
	13.5
	19.4
	6.9
	65.6
	8.3
	20.6

	Emissions 
	120.8
	169.3
	133.5
	620.5
	113.8
	254.6
	43.0

	Seats
	7
	5
	7
	4
	2
	5
	2

	Prestige Value
	25.5
	23.5
	25.0
	32.8
	32.3
	108.3
	92.8


Figure 1.2 Potential car options and their statistics. 

In this Theoretical Scenario, the criteria established can be seen in Figure 1.2, which are: Price; Comfort Value; Miles per gallon (MPG); Emissions; Seats; and Prestige Value. All of these were selected to accomplish the goals of the company. 
“Price” was selected to see how many cars the company can afford and to complete their goal of building a large fleet of cars in their operational area to compete with rivals. “Comfort Value” was selected in response to the company getting complains that their existing vehicles are too uncomfortable, putting people off from riding them. “MPG” was selected in order to minimise the running costs and to establish fares once these cars are in service. “Emissions” was selected to comply with a growing trend of the company’s target audience’s insistence of greener transportation and to achieve their commitment to becoming Carbon Zero by 20XX. “Seats” was selected in order to maximise the bodies able to be carried on each journey as the company noticed a growing trend of group travel by its target audience. “Prestige Value” was selected because the company believes that with prestigious cars they can invite more of their target audience to come travel with them. 
Of course, the company still has some limitations and promises that they needed to abide by, influencing their decision and response from the customers.

Theoretical Example

The first things to be done in this example after identifying all the options is to eliminate the ones that do not fit the minimum requirement. This will be done by assigning the initial criteria scores, as seen in Figure 1.3. Some criteria include a "-20" score, which means that vehicle failed minimum requirement. All criteria scores were decided based on the DM's preference. 

	Criteria\Car options
	5
	3
	-1
	-3
	-5
	-20

	Price
	£<10000
	10000.1<£<25000
	25000.1<£<50000
	-
	-
	£>50000.1

	Comfort Value
	C>50
	49.9>C>40
	39.9>C>30
	29.9>C>20
	C<19.9
	-

	Miles per gallon
	MPG>40
	39.9>MPG>20
	19.9>MPG>10
	MPG<9.9
	-
	-

	Emissions 
	E<50
	50.1<E<100
	100.1<E<150
	150.1<E<200
	-
	E>200.1

	Seats
	S>=7
	6>=S>=5
	4=S
	-
	-
	3>=S

	Prestige Value
	P>50
	49.9>P>40
	39.9>P>30
	29.9>P>20
	P<19.9
	-


Figure 1.3 Criteria scores assigned

From Figure 1.3 one can see that three criteria are established with values of “-20”, which are “Price”, set at anything that has a price higher than £50,000.1, which would mean that there cannot be more than one new cars brought, not clearing the minimum requirement for two cars. 
Another criteria where the score of “-20” appears is in “Emissions”, for an emissions rate of 200.1 or higher will be disqualified. (Note, these numbers do not have a measurement unit, as they have been randomly generated for this theoretical example.)  This is an emission rate deemed too high for the company to accept, as they are aiming to go carbon neutral. As such, lower emissions are preferred. 
The last criteria where the score of -20 is applied is with the “Seats” criteria. This is important to the taxi company, as they want to be able to transport more people in each car, making sure that they can transport as many people with one journey as possible in response to trends. 

	Criteria\Criteria Score
	Option 1
	Option 2
	Option 3
	Option 4
	Option 5
	Option 6
	Option 7

	Price
	5
	3
	3
	5
	5
	-1
	-20

	Comfort
	-5
	3
	-3
	-5
	-5
	3
	5

	MPG
	3
	-1
	-1
	-3
	5
	-3
	3

	Emissions 
	-1
	-3
	-1
	-20
	-1
	-20
	5

	Seats
	5
	3
	5
	-1
	-20
	3
	-20

	Prestige Value
	-3
	-3
	-3
	-1
	-1
	5
	5


Figure 1.4 Criteria Scores assigned to each car

On Figure 1.4 it can be seen that Option 4, 5, 6, and 7, all had criteria score “-20” assigned to them for some criteria, with Option 7 scoring two “-20” in “Price” and “Seats”, being too costly, and only being able to carry two people, including the driver. These cars have been disqualified for failing to meet the minimum requirement in one or more of the criteria. 

The next step in the MCDM process is weighting the different criteria according to importance to the DM. The DM can decide to add value to each of the criteria dependent on personal preference. In this case, the values assigned were: 20% for Price; 15% for Comfort; 15% for MPG; 20% Emission; 20% for Seats; and 10% for Prestige, all of which weightings decided by personal preference of the DM. 
The next step was to multiply the scores of each car for each criteria with the weighing percentage. The equation for that is: CS*(Weight %/100). With this equation, the values in Figure 1.5 can be calculated, which is the weighted criteria score for each option. The next step is to sum the weighted scores to get a total value. The highest value is the best option, in this case, Option 1 with a total score of 1.2. 

	Criteria\Car options
	Option 1
	Option 2
	Option 3
	Weighting (%)

	Price
	1
	0.6
	0.6
	20

	Comfort
	-0.75
	0.45
	-0.45
	15

	Miles per gallon
	0.45
	-0.15
	-0.15
	15

	Emissions 
	-0.2
	-0.6
	-0.2
	20

	Seats
	1
	0.6
	1
	20

	Prestige Value
	-0.3
	-0.3
	-0.3
	10

	Total
	1.2
	0.6
	0.5
	100


	Figure 1.5 Criteria Scores weighted and total results

Now that Option 1 has been found best; the next step is to perform a Sensitivity Analysis when irrelevant criteria are disregarded, and its weightings are re-distributed to see if Option 1 is truly the best. 
In this case, the criteria of Prestige Value will be removed, as all three options left behind have had their criteria score for that criteria as the same. This leaves 10% to reassign. This means that, in this example, Comfort will gain a 5% increase in weight as the DM decided that Comfort is just as important as price and the number of seats. The other 5% will go towards increasing emissions, as the DM values that the highest. 

	Criteria\Car options
	Option 1
	Option 2
	Option 3
	Weighting (%)

	Price
	1
	0.6
	0.6
	20

	Comfort
	-1
	0.6
	-0.6
	20

	Miles per gallon
	0.45
	-0.15
	-0.15
	15

	Emissions 
	-0.25
	-0.75
	-0.25
	25

	Seats
	1
	0.6
	1
	20

	Prestige Value
	0
	0
	0
	0

	Total
	1.2
	0.9
	0.6
	100


Figure 1.6 Revised weighted scores after Sensitivity Analysis. 

From the total scores after the Sensitivity Analysis, it can be determined that that Option 1, with a total score of 1.2, which is no increase. While all the other two increased, Option 2 by 0.3 points, and Option 3 by 0.1 point, they did not manage to overtake Option 1, and as such it can be declared that Option 1 is the best. 
As such, the company will by the Option 1 car, clearing their goal of preferably ten cars, and large seat capacity per each car. It is also relatively cheap to run, though not the most comfortable, and still emitting gases.. 

Conclusion

In conclusion, it is shown clearly how MCDM can be used to select. In this paper, it was used for car selection in a theoretical example, showing a clear winner amongst seven options. After establishing minimum requirements, the MCDM helped to eliminate those who failed by use of criteria scores and select the cars that can reasonably be considered right for the job.
Following the elimination of bad cars, weighting of scores allowed for the selection of the best vehicle for the job, showing the clear best option for the values that the DM selected. After eliminating the criteria that made no difference and re-distributing the percentage assigned to it, that best option became reinforced. 
As such, it can be declared that in this case, the MCDM method was sufficient, and the best option for the selection of vehicles in a taxi company setting. 
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